Abstract: Water depth and physical structure are important components of habitat complexity for stream fishes. Experiments in a semi-natural stream, containing four depth and structure treatments, quantified the effect of these two habitat components on the distribution, growth, and survival of five fish species common to coastal streams of Washington State. When fishes were permitted to move freely among the various habitat types, most species and age-classes were underrepresented in shallow pools lacking structure. In some cases water depth or physical structure alone appeared to explain these distributions. However, assemblage-and species-level responses were strongly influenced by the combined effects of depth and structure. A subsequent 30-d experiment revealed that mortality (likely due to bird predation) of water-column species using the simplest habitat type was as much as 50% greater than in the other treatments. However, there were no differences in sui vival of the benthic species, coastrange sculpin (Cottus aleuticus), among the different treatments, nor were there significant differences in growth among treatments for any species. These results indicate that predation risk may help to explain the importance of both deep water and physical structure to fishes in coastal streams in Washington. The results of our habitat-selection experiment also support the growing view that a community-level approach may be more effective than the single-species approach in evaluating the effects of human activities on stream fishes. sous-repré senté es dans les cuvettes peu profondes sans structure particulière. En certains cas, ou la profondeur, ou la structure, é tait elle seule responsable des repartitions observé es. Cependant, les associations entre les espèces et l'importance des reactions inhé rentes a chaque espèce é taient fortement influencé es par les effets combines de Ia profondeur et de Ia structure. Une experience de 30 jours a dé montréque Ia mortalité (probablement due a Ia predation par les oiseaux) des espèces de la colonne d'eau utilisant le type d'habitat le plus simple é tait parfois jusqu'à 50% plus é levé e que dans les autres types d'habitats. Cependant, les proprié té s de l'habitat n'ont pas influence Ia survie de l'espèce benthique Cottus aleuticus, le Chabot côtier, et n'ont pas affecté non plus la croissance chez l'ensemble des espèces expé rimentales. Ces ré sultats indiquent que les risques de predation influencent probablement l'importance de Ia profondeur et des proprié té s structurales de l'habitat pour les poissons des ruisseaux côtiers du Washington. Nos donné es appuient egalement le concept de plus en plus accepté selon lequel une approche qui tient compte de toute la communauté plutôt qu'une approche relié e a une seule espèce permet de mieux é valuer les effets des activité s humaines sur les poissons des eaux courantes. [Traduit par Ia Redaction] 
cal role of complexity include the suggestion that physical structure provides visual isolation that can minimize com petitive (Mortensen 1977; Dolloff 1986; Fausch 1993 ) and (or) predator-prey interactions (Schiosser 1987b; Harvey 1991) . Physical structure may also minimize the negative effects of high water velocity by providing refuge from fast currents that can affect energetics (Dill and Fraser 1984; Hughes and Dill 1990; Shirvell 1990) or by increasing survival during flood events (Angermeier and Karr 1984; Pearsons et al. 1992) .
While important determinants of habitat selection, deep water and structure may not have similar growth and survival consequences to benthic and water-column species. Benthic species may be less susceptible to terrestrial predation than water-column species by virtue of their cryptic coloration, sedentary behaviors, and use of substrate as cover. Conse quently, benthic species may suffer lower habitat-specific mortality due to terrestrial predators, and respond very dif ferently than water-column species to structural complexity and deep water.
The significance of habitat complexity to stream fiShO8 i8 especially important in areas where streams have been altered by human disturbance. For example, streams in watersheds that have been extensively logged often contain shallower poois and less woody debris than pristine water sheds (e.g., Bilby and Ward 1991; Fausch and Northcote 1992) . In the Pacific Northwest, salmon and trout appear to be adversely affected by the loss of structure and deep water in streams within logged watersheds (Murphy and Hall 1981; Li et al. 1987; Fausch and Northcote 1992) . Although the mechanisms producing these patterns have been articulated, they remain poorly quantified. Field observations have illustrated that predation by terrestrial predators can be significant (Alexander 1979; Wood 1987; Dolloff 1992) . Moreover, laboratory experiments have shown that stream fishes respond to the presence of avian predators in part by modifying their behaviors and (or) their use of habitats (e.g., Dill and Fraser 1984) . However, very little attention has been given to the effects of predation on the distribution of stream fishes and to the structure of fish assemblages.
In addition to the effects on survival, the distribution of stream fishes in habitats with deep-water refuge and woody debris may also be explained through the effects of preda tors, competitors, and water current on growth. Predators (Gilliam and Fraser 1987) and competitors may impair growth of individuals by reducing the amount of time that can be devoted to foraging. Deep water and woody debris may provide visual refuge from competitors (Dolloff 1986) and predators (e.g., Power 1987) and enable individuals to spend more time feeding. Water current, by its effect on foraging energetics, may also cause fish to occupy habitats that provide physical barriers to high water velocity (Fausch 1984) .
In this study, we set out to clarify the role of water depth and woody debris on the biology of fishes that occur in coastal streams of Washington State. The objectives of the study were to determine patterns of habitat selection and to measure the growth and survival of benthic and watercolumn fishes associated with habitats that differed in water depth and physical structure. Two sets of experiments were conducted in semi-natural stream channels using species repre sentative of coastal streams of Washington. The first experi ment tested the hypothesis that there were no assemblage-or species-level patterns of habitat selection on the basis of differences in water depth and structure. The second experi ment tested the hypothesis that growth and survival of indi viduals were equal among different habitat treatments.
Materials and methods
Experimental system Experiments were conducted in semi-natural stream channels at the University of Washington field station at Big Beef Creek. There were two side-by-side streams, each measuring 3 X 56 m, fed by water from Big Beef Creek approximately 400 m upstream. Each channel contained seven units and each unit included a 3 X 3 m riffle and a 3 x 5 mpool with small-gravel substrate (diameter 3-10 cm). The units could be isolated by removable fences constructed with 4 mm mesh screen. Invertebrate populations were established in the channels and also dropped into the channels from riparian vegetation. Flow was regulated in each channel at approxi mately 0.014 ni3ls, colisequenily water velocities were low in both deep and shallow pools (<3 cm/s). The channels were situated along a natural riparian corridor with a mixture of deciduous and coniferous trees and shrub understory. Among the birds that frequently used the stream corridor were three piscivores, the belted kingfisher (Ceryle alcyon), great blue heron (Ardea herodias), and green-backed heron (Butorides striatus). These species were commonly observed feeding in the channel during this and previous experiments (Spalding et al. 1995) . Other possible predators may have included river otter (Lutra canadensis) and raccoon (Procyon lotor), which were also abundant in the area (T.P. Quinn, personal observation).
The pools were modified into four experimental treat ments: deep (50 cm) with structure (D-S), deep without structure (D-NS), shallow (25 cm) with structure (S-S), and shallow without structure (S-NS). The structure was pro vided by one sapling Douglas-fir with the needles removed (approximately 1 m tall and, with branches, I m in diameter at the base).
The fishes were collected from Big Beef Creek and included water-column and benthic species typical of coastal streams of Washington. Water-column species included age-0 coho salmon (Oncorhynchus kisutch, 55-85 mm standard length (SL)), age-0 and age-l + steelhead trout (Oncorhyn chus mykiss, 50-80 and 100-130 mm SL, respectively), age-l+ cutthroat trout (0. clarki, 120-150 mm SL), and threespine sticldeback (Gasterosteus aculeatus, 40-50 mm SL). The benthic species used in this study was the coastrange sculpin (Cottus aleuticus, 50-110 mm SL). Fish were placed in the channels at relative densities similar to those found in Big Beef Creek, but at higher absolute densities (N.P. Peterson, University of Washington, personal commu nication). Mean numbers and densities (per square metre of pool habitat) were as follows: 89.3 coho salmon (1/rn2), 27 age-0 steelhead trout (0.3/rn2), 11 age-1+ steelhead trout (0.1/rn2), 3 age-l + cutthroat trout (0.03/rn2), 47 coastrange sculpin (0.5/rn2), and 6 threespine stickleback (0.06/rn2). While the density of coho salmon used in this experiment was slightly higher than that found in Big Beef Creek, it was not outside the range of densities found in streams of this region (e.g., Rodgers et al. 1992 ).
Habitat-selection experiment Four trials were conducted from 13 July to 10 September and from 12 October to 26 October 1992. Habitat types were ran domly assigned to the different units in each channel for the first experimental trial and then alternated in subsequent trials to ensure that all channel locations received each treat ment at least twice during the study. Fish were added in equal numbers to the first, third, and lowermost units of each channel. At the end of each trial, the units were isolated using the fences, and fish were collected from each unit using a backpack electroshocker or small seine. Collections of fish continued until none were taken in two consecutive sampling efforts. Fishes were identified, measured, and weighed. Mean numbers of fishes collected, proportions of species (and age-classes for steelhead trout), species richness, and Shannon diversity index (H; Zar 1984) per treatment were analyzed using Kruskal-Wallis nonparametric two-way ANOVAS (Zar 1984) at P < 0.05 level of significance unless otherwise stated. Proportionality data were log transfnrmed using the logit transformation ln~P/1-P). A nonparametric multiple comparison test was performed for pairwise comparisons of means (Zar 1984) . We also tested for associations in the distributions of species by computing Pearson's correlation coefficients from mean densities of all possible species pairs.
Three important assumptions of this experiment were (i) that fishes were able to sample all available habitat types within a channel, (ii) that patterns of distribution reflected selection of habitats rather than differential mortality within them, and (iii) that prey abundance did not differ signifi cantly among units. In a previous experiment (Spalding et al. 1995) , coho salmon moved freely across all the units in a channel. On the basis of this result, we assumed that steelhead and cutthroat trout would have similar access to the different units. We were less confident that coastrange scul pin would explore the entire channel so we conducted a pre liminary experiment to determine movement patterns in the channels. On 4 July, we placed 30 marked coastrange sculpin in one channel for 2 weeks. One group of 15 (marked by an upper caudal fin clip) was placed in the uppermost unit and another (marked by a lower caudal fin clip) was placed in the lowermost unit. Thirteen coastrange sculpin were recovered; 2 of 7 fish introduced into the bottom unit were collected in the upper three units, while 2 of 6 fish introduced into the upper unit were found in the lower three units. We were thus satisfied that coastrange sculpin would have access to the entire channel.
If species selected the four habitat types with equal fre quency, but suffered differential mortality within them, we could say very little about habitat selection. However, the assumption that species distributions in the habitat selection experiments did not simply reflect differential mortality is supported by the recovery rates for each species. Recovery rates were very high for salmonid species. At least 80% of the stocked coho salmon and 90% of the age-0 and age-1+ trout were recovered at the conclusion of each 2-week experiment. Recovery of coastrange sculpin was slightly lower (>70%) but probably reflected difficulties encoun tered in capture more than mortality. Because sculpin can find refuge within the gravel, they can be difficult to capture by seine or electroshocker. Stickleback recovery rates were the lowest of all species (50-70%), for reasons that are not clear. Despite this, we were confident from the generally high recovery rates for the other species that any distribution patterns observed in these habitat-selection experiments would reflect selection of the different pooi types.
The assumption that prey were not distributed differen tially among units in the two channels was important because of the potentially confounding effect of variable prey densi ties on efforts to assess the influence of habitat complexity on fish distribution. Surveys were conducted prior to the fish experiments to document patterns of insect drift into the channel units. Dipteran larvae were the most abundant taxa in all channel units sampled, accounting for 35-72% of all individuals collected (Table 1) . Crustaceans (i.e., amphi pods, cladocerans, copepods, and ostracods) were also com mon (15-50%), followed by other insects and arachnids. Mean assemblage similarity (Wolda 1981) was moderately high (mean 72%, range 57-83%). The assumption of equal prey distribution was further supported by results from a study of coho salmon growth in the channels conducted in summer 1991, which showed no differences in dry mass of insect drift between the two channels or among units within the channels (Spalding et al. 1995 ).
Growth and survival experiment A 1-month experiment was conducted between 12 September and 12 October 1992 using coho salmon, age-0 steelhead trout, age-1+ steelhead trout, and coastrange sculpin. Three spine stickleback and cutthroat trout were not used in this experiment because we were unable to obtain sufficient numbers for all channel units. Pool types, as described in the above section, were randomly assigned to the different units in each channel and each treatment consisted of three repli cates. Each of the units was isolated using the fences to pre vent fish from moving among pools. Fences were cleaned daily to remove accumulated branches and leaves and any dead fish, but no dead fish were observed. Twenty coho salmon, 10 age-0 steelhead trout, 3 age-I + steelhead trout, and 10 coastrange sculpin were weighed and placed in each ljnit. At the conclusion of the experiment, the fish were removed from each unit, counted, weighed, and measured. Mean survival and growth (mass increase) for each treatment were compared using Kruskal -Wallis ANOVA.
Results
Habitat selection Total assemblage density, diversity, and species richness declined from the most complex (D-S) to the least complex (S-NS) pools, but the patterns of variation in these factors differed slightly. For example, mean total density declined consistently with complexity from a high of 43 fish in the most complex pools to 5 in the least complex ( Fig. 1 ; P < 0.05). However, these patterns of diversity and richness differed from those of density (Fig. 2) . The mean values for diversity (H = 1.07-1.12) and species richness (4.3-4.9) in the first three treatments were not significantly different (P> 0.20), but both declined more than twofold in the S-NS treatment ( Fig. 2 ; P < 0.01). Species-and age-specific responses to the different com plexity treatments varied. However, with the exception of stickleback (P > 0.50), each species exhibited strong pat terns of habitat selection and much greater use of the most complex (D-S) than the least complex pool type (S-NS; Fig. 3 ). Coastrange sculpin used deep pools more frequently than shallow pools by a ratio of nearly 3 to 1 (P < 0.01), but their distribution did not differ with structure (53% in structured and 47% in unstructured treatments; P > 0.50).
-• Yearling cutthroat and steelhead trout were almost never col lected in shallow pools (100% of all cutthroat and 83% of all steelhead trout were found in the two deep-water treatments, P < 0.01), and exhibited a dramatic decline in use from the most to least complex pool type. Habitat selection by age-0 trout was strongly associated with structure, as fish were three times more abundant in structured (75%) than in unstructured treatments (25%, P < 0.05). There were only Fig. 2 . Mean Shannon diversity index and species richness (± SE) per treatment for habitat-selection experiment (for details see Fig. 1 ). slight, though nonsignificant, differences in the distribution of age-0 trout with depth (58% in deep and 42% in shallow pools, P > 0.50). Coho salmon did not differ in distribution across the D-S, D-NS, and S-S treatments (27-40%, P > 0.05), but were almost absent in the S-NS treatment (6%, P < 0.01). Despite the relatively high proportion of age-0 salmonids in shallow pools and the low proportion of age-i + steelhead and cutthroat trout in these habitats, tests of species associa tion using Pearson's correlation analysis failed to reveal any strong negative or positive species associations. Of all pairwise comparisons between age-0 and age-i + salmonids in the channel units, only one association was significant. The distribution of age-0 steelhead and age-i + trout (cutthroat and steelhead trout combined) showed a negative association in the deep and shallow pools with structure (r2 = -0.23, P < 0.05).
Overall, the results of this experiment showed that age-i + cutthroat trout and coastrange sculpin were posi tively associated with deep-water habitat, age-0 trout were strongly associated with structure, and age-i + steelhead trout and coho salmon were associated with both (Table 2) . Water depth and structure did not appear to interact in deter mining species distributions. At the assemblage level, both Fig. 3 . Mean proportional habitat use (± SE) by species and age-class per treatment in the habitat-selection experiment (n = 9 for each treatment; for explanation of statistics see Fig. 1 ).
Tc oho salmon steelhead (0+) depth and structure alone affected overall densities and species richness, while depth and structure interacted to affect patterns of diversity and species richness.
Growth and survival Mean biomass of individual fish increased in each of the four pool types for all species and size classes (Fig. 4) , but there were no strong treatment-specific patterns in growth for any species. On a percent basis, coho salmon (16%) and age-0 steelhead trout (21.5%) showed the greatest gains in growth; coastrange sculpin were next (10.8%), followed by age-1 + steelhead trout (9.9%). There was little variation in growth among treatments in coho salmon, age-0 steelead trout, and coastrange sculpin, but yearling steelhead trout mean growth appeared lower in the D-NS treatment than in the other three treatments. This may have resulted from size-specific preda tion, leading to the loss of large individuals from some repli cates over the course of the experiment. In these replicates, total biomass at the end of the experiment was less than that at the beginning, producing a net negative growth rate and low overall growth rate for that treatment. Even with this lower growth rate in the D-NS treatment, no significant differences in growth were detected for age-i + steelhead trout or any of the other three fish species ( Fig. 4 ; P > 0.05). Survival, estimated from the percentage of fish remaining in the channel units at the end of the experiment, varied among treatments and fish species (Fig. 5) . Survival appeared to decline across treatments for each of the three salmonids. Coho salmon survival was greatest in the D-S treatment (89%), nearly twice that in the S-NS treatment (47%, P < 0.05). Both age-0 and age-i + steelhead trout showed higher survival in the D-S treatment (71 and 89%, respectively) than in the S-NS treatment (29 and 33%, respectively, P < 0.05). For all three of these species, sur vival tended to be lower in the D-NS and S-S treatments, but the differences with the D-S treatment were not significant (P > 0.10). There were no differences in survival between structured and unstructured treatments for these. species (P > 0.20), but survival was strongly related to water depth for coho salmon (P < 0.05) and weakly related for age-0 and age-I + steelhead trout (P < 0.10). In contrast to these pat terns of survival for the three water-column fishes, survival of coastrange sculpin did not vary among treatments (60-100%, P > 0.50). ig. 4. Net mass change by treatment in the growth -survival experiment (ii = 3 for each treatment; for explanation of statistics see Fig. 1 ).
DIsc~~~j0T hese experiments showed strong differences in distribution among treatments for all except one of the water-column species examined (threespine stickieback), differential sur vival that was related to both water depth and structure, and similar growth rates across treatments. Though there was apparent mortality during the 2-week habitat selection experiments, the relatively high recovery rates of salmonids (80-100%), coupled with the dramatic differences in distri bution among pool types, indicated to us that patterns of dis tribution represented habitat selection rather than differences in treatment-specific survival. Water depth appeared to be more important than structure in determining the distribution of large age-i + cutthroat and steelhead trout, while structure alone (age-0 trout) or both structure and depth (coho salmon) were important for the small salmonids. Assemblage-level responses (i.e., diversity, total density, and species richness) were also strongly influenced by the manipulations of both water depth and structure.
With respect to the distribution of fish by depth, age-0 salmonids and stickiebaclc occurred much more frequently in shallow pools (34-57%) than the larger age-I + salmonids Stream salmonids tend to occupy deeper water as they increase in size (Bisson et al. 1988; Lonzarich 1994) . This pattern may indicate that smaller fishes are forced by large fish predators (Power 1987; Schlosser 1987b) or com petitors into shallow habitats. However, in the present study this conclusion is, at best, only weakly supported by correla tion analysis of species associations. Alternatively, the depth distributions of large and small salmonids may be due to the role of deep water as refuge from terrestrial predators. Larger fishes may occupy deeper water because the risk of predation by terrestrial predators is size-dependent, falling heaviest on larger, more conspicuous individuals (Harvey and Stewart 1991) . Like deep water, structure may serve a multiple role for fishes as refuge from predators, high velocities, or competi tors. Recently, Fausch (1993) experimentally examined the effects of different attributes of in-stream cover on sal monids. Independently manipulating three components of complexity (visual isolation, velocity refuge, and overhead cover), Fausch (1993) found that age-i + steelhead trout occupied overhead cover treatments more often than those without overhead cover. Coho salmon, in contrast, showed no preference for overhead cover. For this species, Fausch concluded that structure, which provided velocity refuge, was the most important determinant of habitat use. Our experiments also showed the importance of overhead cover (here in the form of deep water) for age-i + steelhead trout and the association of coho salmon with habitat features that provide velocity refuge (woody debris). However, overhead cover (deep water) was the more important determinant of habitat use by coho salmon. In deep pools, this species showed no preference for habitats with or without structure. This conclusion is consistent with those of Spalding et al. (1995) and Quinn et al. (1994) , who studied the distribution of coho salmon in these channels. These findings may have been due to the fact that water velocities in the channels were much lower than those in the study by Fausch (1993) and that our study indicated that survival was a function of depth.
The most likely causes of mortality in the channel experi ments were terrestrial predators (e.g., belted kingfisher, great blue heron, and green-backed heron). As noted earlier, avian predators were commonly observed feeding in the stream during the experiments, and Spalding et al. (1995) documented several successful attacks by birds on fish in the channels. The largest trout may have been able to prey upon small trout, but the similarity of size distributions introduced into each unit made fish predation an unlikely explanation for the variation in survival. Mortality due to disease or handling stress was discounted. Not only did we find no dead fish in the channels during daily inspections of the fences, but fish collected, handled, and then held in streamside tanks for up to3O d showed no signs of stress or mortality. Furthermore, because fish were randomly assigned to each replicate, mor tality due to disease or handling should not have differed among pools.
In contrast to the salmonids, coastrange sculpin experi enced no differences in survival among treatments. This indi cates that the results of the habitat-selection experiment, which showed this species to be overrepresented in deep pools, were not due to differences in treatment-specific mor tality. Likewise, it is unlikely that inefficiencies in the recov ery of sculpin (>70%) from different channel units could explain the twofold differences in densities between deep and shallow pools. The patterns of survival documented in this study support the hypothesis that benthic and cryptically colored sculpin may be less susceptible to terrestrial preda tion than salmonids. This is consistent with Dolloff's (1992) study of predation by river otter on fish in an Alaskan stream. On the basis of fish otoliths retrieved from otter scat, Dolloff (1992) inferred that predation on coho salmon may have been six times higher than predation on coastrange scul pin. It was not clear from his study, however, if this pattern reflected differences in susceptibility or in the relative pro portions of the two prey species in the stream community.
The view that predators can influence the distribution of stream fishes is supported by several recent studies (Power 1984; Schlosser 1987b; Harvey and Stewart 1991) ; however, it is not commonly used to explain the distribution of streamdwelling salmonids. Patterns of habitat use among salmonids are most often described in terms of competition and ener getics (e.g., Fausch and White 1986; Bisson et al. 1988; Shirvcll 1990 ). The present results indicate an association of salmonids with complex habitats that was consistent with a predation mechanism. As has been described in previous studies (Shirvell 1990; Fausch 1993) , determinants of habitat selection in salmonids can vary, depending on such factors as current, food availability, and competitor and predator densities.
Directly or indirectly each of these factors can affect fish growth. However, the similarity in growth in our experimen tal units suggested that these factors may have little influence over distribution patterns observed in this study. Water velocities in the channels were so low that energetic con straints were probably of little consequence. Prey availability was similar among units and may not have been limiting. There were no density-dependent effects on growth for any fish in the growth and survival experiment, even though final densities in this experiment differed among treatments. This pattern contrasted with the strong effect of density on coho salmon growth in the channels reported by Spalding et al. (1995) . However, in that study, coho salmon density was three times that in the present study, and nearly two times that of all salmonids combined. Therefore, fish densities were probably below the carrying capacity of the channel units.
Though the mechanisms responsible for the selection of deep-water habitats with structure by fish remain open to interpretation, this study provided several insights. The pat tern of species distribution among pool types strengthens the view that habitat complexity is an important attribute of streams. The results also indicated that the relative impor tance of two components of complexity, deep water and structure, varied with fish species and age group. While indi vidual species or age groups tended to respond to either water depth or structure alone, it was the combination of these two important habitat components that produced the highest overall fish densities and species richness. These findings support the value of a multispecies approach in assessing habitat degradation in streams (Reeves et al. 1993) .
